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NEUTRONS AND THEIR INTERACTION WITH MATTER

Overview

AHistory i neutrons and nuclear reactions
AProduction i reactors and spallation sources
AProperties T as a particle and a probe

Anstruments i exploiting the probe to do science
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A BIT OF HISTORY

The neutron

A1932: J . Chadwick, after work by JHe+ Be- 2C+n

others, discovers the Oneutr orzc“), )302 ,
neutral but massive particle My Mg 24T, Mo tm, 24T +T,

To vacuum m, =1.00670.0012amu
pump —
Unknown p
1— radiation rotons
Ol's | ——/ /IVFL
— — _—1 .es
I__I —! | - To amplifier,
1= | +— to oscillograph
SoFl’J?ce E ]
T

L
=

| Paraffin wax
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A BIT OF HISTORY

The nuclear reaction

A1938: O . Hahn, F. Strassmann & L. Meitner discovered the fission of 235U nuclei
through thermal neutron capture

A1939:H .v. Halban, F. Joliot & L. Kowarski showed that 235U nuclei fission
produced 2.4 neutrons on average 1 chain reaction

A1942: E . Fermi & al. demonstrated first  self-sustained chain reaction reactor

Chicago pile:
360T of graphite
50T of U and UO
0.5W power
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N OBEL PRIZES , NEUTRONS AND

Chadwick, Shull & Brockhouse

03/09/2024

James Chadwick
(1891 - 1974)

THE ILL

The Nobel Prize in Physics 1994

The Royal Swedish Academy of Sciences has awarded the 1994 Nobel Prize in
Physics for pioneering contributions to the development of neutron scattering
techniques for studies of condensed matter.

Clifford G. Shull, M7,
Cametridge, Massachusetts,
USA, recsives one half of he
1994 Nobed Prize in Physics for
development of the neutron
difraction echnique

Shull made use of elastic scattering i.e. of
neutrons which change direction without

Betram N. Brockhouse,
McMater Universty, Hamilton,
Ontario, Canada, receives one
half of the 1994 Nobe! Prize

In Physics for the development
of neutron pectoscopy.

Brockhouse made use of inelastic
scattering i.e. of neutrons, which change
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N OBEL PRIZES , NEUTRONS AND THE ILL

~.
Louis Néel \

(Grenoble) -
magnetism
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N OBEL PRIZES , NEUTRONS AND THE ILL

Haldane (1977 i 1981), Kosterlitz and Thouless for - THE NOE  PRIZE
topological phase transitions and phases of matter A IN PHYSIC Q 2 22
(Electronic structure and excitation of 1D quantum LN T OIN O

A
7
>
7,
7
7
’

liguids and spin chains)

The Royal Swedish Academy of Sciences has decided to awe

2016 N OBEL PRIZE IN

Payauw|3 sepyiN suou

John F. Anton
Clauser Zeilinger

“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”
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NEUTRON SOURCES

Fission reactors

ANuclear fission A chain reaction with excess Fission
neutrons (In A 2.5n)

ASlow neutrons split U  -235 nuclei

AFission neutrons have MeV energies and need to
be moderated (thermalized) to meV energies by
scattering from water

AThermalisation @ RT A thermal neutrons, @ Rl
25K A cold neutronsand @ 2400 K A hot xctedmileus  triggersdby
neutrons

AILL 7 flux1.5x10 15 n/cm 2/s

Uranium 235

- 98, 9o
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NEUTRON SOURCES

Spallation sources

ANeutrons can be produced by
bombarding heavy metal targets

A2 GeV protons (90% speed  -of-
light) produce spallation I
evaporation of ~30 neutrons

03/09/2024

Spallation
intra-nuclear cascade
» l.'r .
.,.

impinging fast target nuﬁlel inter-nuclear cascade

particles
. —
~1 Glga cascade
particle

electronvolt a
¢  proton highly excited
® neutron nucleus evaporation
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NEUTRON SOURCES

ESS
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©
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b=
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O r
g 105 _ Berkeley 37-inch cyclotron |
- 590 mc ® Steady State Sources
Ra-Be source
B Pulsed Sources
1 =& Chadwick .

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986)
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CONTINUOUS OR PULSED BEAMS

Integrated vs peak flux i ESS will have atime -integrated
flux comparable to ILL

A
8- x10™ ESS 5 MW
2 A=15A 2015 design
ol thermal moderator
S 6-
w
%
& 5=
e
O
c 4
~ ESS 5 MW
GC“'J’ 3 - 2013 design (TDR)
S 2- SNS  JPARC
” ISISTST ISISTs2 14 MW 300 kW
19 128 KW 32 kW L=

0 1 2 3 4 time (ms) '.ll
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CONTINUOUS OR PULSED BEAMS

- ESS will have a time

Integrated vs peak flux i
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Chadwick

integrated flux comparable to ILL

e

IPNS

Tohoku Linac

Berkeley 37-inch cyclotron

0,35mCi Ra-Be source

1980

SINQ-I
JSNS "AUSTRON

MLNSC

peak

flux of pulsed souces
average

B Fission reactors

[0 Pulsed reactors

® Particledriven, cw

O Particle driven pulsed
= Trendline reactors
------- Trendline part. drvn. (Av)
=+ = Trendline peak flux

1990 2000 2010 2020

»adapted version of IAEA-TECDOC

7/ {
NEUTRONS
FOR SOCIETY



'y 1024
1023

ESRF-EBS (2020) B
1022

ESRF (hard X -rays) 102!

- Exponential development
contrasts with development of
neutron sources

N vs X

ESRF (2014)

1020 Third
generation

10" ESRF (1994)
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uoLeipey uoJ1o0iyduAs
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THE NEUTRON

t p _
_ ‘ udu Ve
As a patrticle
Af ree neutr ons a+decayuM grdtom bdleetron, @nti  -neutrino
life time: 888 N 1secor 880 N 1 sec
W
Awave - particle duality: neutrons have particle -like and wave -like
properties
A m?ss: m, =1.675x10 -27 kg=1.00866 amu . (unified atomic mass udd
unit
A charge =0
A spin =1/2
A magnetic dipole moment: T, =-1.9 7, 1,=28 7T, 1,~1037
A velocity (v), kinetic energy (E), temperature (T), wavevector (k),

wavelength
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THE NEUTRON

As a particle

Avelocity (v), kinetic energy (E ), temperature (T ), wavevector (K),
wavelength (I )

E=m 2/ 2=k, T=(hk/2" )?/2m =(h/&)?/2m,

ANeutron energy determines velocity and therefore time -of-flight ( tof)
over a given distance i.e. tof A energy determination

tof ===25% secfégAg('l[m]
v



THE NEUTRON

As a probe
Energy Temperature (K) Wavelength (nm)  velocity (m/s)
Ultra cold neutrons <10 peV <0.05 > 30 <15
Cold neutrons 100 - 5000 peV 1-60 04-3 150 - 1000
Thermal neutrons 5-50 meV 60 - 600 0.13-0.4 1000 - 4000
Hot neutrons  0.05-0.5eV 600 - 6000 0.04-0.13 4000 - 10000

ULTRA-COLD NEUTRONS COLD NEUTRONS REACTOR NEUTRONS

20nK 1073 107 103

Temperature (K)

Neutron energy (eV)
oL 1012 0 1073 107
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THE NEUTRON

As a probe
I 1 1 1‘\\ I\x ;-4 j‘
AWavelengths on the scale of inter -atomic distances:
A - nm wavelengthsto measure A - nm
distances/sizes
_ T —&—8 n\;\: *—=o
n/ =2dsin Q d A Foane

AEnergies comparable to structural and magnetic
excitations: meV neutrons to measure  neV 1 meV
energies

ANeutral particle i gentle probe, highly penetrating
(e.g. 30 cm of Al ), no radiation damage (low flux &

energy)
AMagnetic moment  (nuclear spin) probes  magnetism
of unpaired electrons (N.B. m, ~1000x m,) Y/ /&
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THE NEUTRON

As a probe i interacting with matter I scattering from atoms

ANeutron flux at reactor core

A1.5 x10 15 n/cm 2/s

AFlux at an instrument sample position |
spherical waves

A108 n/cm 2/s emitted by

A 10 -6 n / mm 2 / ns :Etﬁgﬁ[eo?cdeefe?i?///// scattering centres
A 10 n/nm 2/ns ///////

AOn these time and length scales,
neutrons are being scattered one at a

D)) source

time plane waves in
: : scattering system
ANeed wave -particle duality of
neutrons -
V(|
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THE NEUTRON

As a probe 1 interacting with matter I (elastic) scattering from a single fixed nucleus e
e -
. -b
ANuclear size << neutron r
. . Scattered
wavelength A point -like s -wave Plane wave  Spherical wave Kr beam
. eikix eiker
scattering b &
Abi s the scattering
In fm ) ///
Incident %
A#neutrons scattered per second e \ \\\_Py o
per unit solid angle W/ Y?red W N
ds/d W=0Db 2 20’
. . 5 [ V(r) = bd(r)
As is the cross -section: 4pb2 (in m,

barns T 100 fm ?2)
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THE NEUTRON

As a probe 1 interacting with matter I scattering from a set of nuclei

dc

-Rk

uop%mlo
|-CDO

u—éjkbbke

spherical waves

Q _k k emitted by
—K f | interference patte?/// // scattering centres
. in front of detector / \ =
AQ is called momentum A Q) source

transfer

AQ-dependence (e.g. angle)
gives info about atomic

o plane waves in
posItions scattering system
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THE NEUTRON

As a probe 1 interacting with matter I scattering from a set of identical nuclei I coherent and incoherent scattering

ASet of N similar atomsfions i
spins/isotopes are uncorrelated at

different sites di 2. iodr-R) ( 2)
o d_ _<b> d j,ke +<b2>_ <b> N
Ab depends on spin/isotope a
AAverageis G b U G, =4 (b)° o =4 B
Alncoherent scattering gives a Q peor=4" |(b°) - <b>2) Oncon=4" R

Independent background

ABut it can be useful to probe the
dynamics of single particles (later)
V7 /|
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THE NEUTRON

As a probe 1 interacting with matter I scattering from a set of identical nuclei

Alf single isotope and zero nuclear spin,
no incoherent scattering

Alf single isotope and non  -zero nuclear
spin |

Anucleus+neutron  spin: 1+1/2 and [-1/2
scattering length  b* and b-

ATo reduce incoherent scattering
(background):

i polarise nuclei and neutrons

i use isotope substitutione.g.H A D

03/09/2024

I coherent and incoherent scattering

(b) :2|1+1(| +1)b"+Ib" |
) > 11+, .y
<b >' <b> _(2I +1)2(b -b )
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THE NEUTRON

Atomic number
Scattering lengths ——

Light atoms 1 6 8 22 26

28
Contrast
' ’ . ® O © ‘ X-rays

82
H C O Ti Fe Ni Pb

T
O
=
%’ Hydrogen Carbon Oxygen Titanium Iron  Nickel Lead
» © o - O O ©o
(inc) Neutrons
46 @
Te 47 @
°® 8@ 57 o
49 .
! 50 @
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THE NEUTRON

Scattering lengths can be positive or negative (nuclear physics)

APositive b (most nuclei): phase change

ANegative b: no phase change at scattering point

/\/\

ZSymbA  porTyp 1 be b+ b. ¢ Ocoh Oinc  Oscatt Gabs
0-N-1 03MIN 12 -37.0(6) 0 -37.0(6) £3.012) £3.012) 0
1-H -3.7409(11) 1.7568(10)  80.26(6)  82.02(6)  0.3326(7)
1-H-1 99.985 12 -3.7423(12) 10.817(5) -47.420(14) +-  1.7583(10) 80.27(6)  £2.03(6)  0.3326(7)
1-H-2 0.0149 1 6674(6)  9.533)  0.975(60) 5.592(7)  2.05(3)  7.64(3)  0.000519(7)
1-H-3 1226 Y 172 4.792(27) 4.18(15) 6.56(37) 2.89(3) 0.14(4) 3.03(35) < 6.0E-6
2-He 3.26(3) 1.342) 0 1342)  0.00747(1)
2-He-3 0.00013 12 S74(7)  4374(70) 9835(77) B 442(10)  1.53220)  6.0(4) 5333.0(7.0)
2-He-4 0.99987 0 3260) 1.34(2) 0 1.34(2) 0
3-Li -1.90(3) 0.454(10)  0.92(3)  1.37(3) 70.5(3)
3-Li-6 7.5 1 2001)  0.67(14) 46717y  ~-  051(5)  046(5) 097D 940.0(4.0)
3-Li7 92,5 32 2222)  4156) 1.008) - 061901)  0.78(3) 1.40(3) 0.0454(3)
03/09/2024
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THE NEUTRON

’]

- water
Scattering lengths can be positive or negative g 6| polysaccharides
A Contrast matching S — lipids
—DNA
proteins

scattering length density [10

60 80 100

% DO

e
LS

o

N

o

N

o
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THE NEUTRON

As a probe i interacting with matter - absorption

AAbsorption i neutron capture
ASeveral strong absorbers:
He, Li, B, Cd, Gd, é

Alsotope dependent 7 choose to
your advantage

03/09/2024
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THE NEUTRON

As a probe i interacting with matter - absorption - Neutron detection

AHow to detect a weakly interacting,
neutral particle?

AWith a neutron absorber and measure
the resulting signal

(i
I | \“ |
(il ‘\‘ \‘\\”\‘\ J “‘ “\“\H “‘:’

i

i
|
/ I

>He+ n — >H+p +0.764 MeV

R
i l"; |
. \ J ') ‘i
il il
i M i
'f\’
v }

0000000000



THE NEUTRON

Scattering and absorption cause attenuation of a neutron beam A imaging

NEUTRONS X=RAYS

I/
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THE NEUTRON

Imaging Li -ion batteries - NATURE COMM | https://doi.org/10.1038/s41467 -019-13943 -3

b - Partly dc/1500 s Partly dc/3900 s
Pristine/0 s _295 71 mAh -580.55 mAh
CR2-03 : less lithium
; W removal
current current
:::,Iector regions collector
of tab
strong
electrode
cracking
2 mm of strong
lithiation during
first dc period
try region
without [eptons
electrolyte of
strong
excess electrode
electrolyte _ ' ( ﬁ Z cracking
9/3/2024 HE EUROPEAN NEUIRON SOURCE NEUTRONS
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THE NEUTRON

As a probe 1 interacting with matter - summary

Alnteraction with nuclei:
i short range interaction A angle independent scattering (no form factor)
i scattering length can be positive or negative ( A contrast variation)
i depends on isotope ( A selectivity) and nuclear spin
i Coherent and incoherent scattering I strength and weakness
i Scattering contrast different from X -rays, favours light atoms

AA gentle probe T low intensity, meV neutron beam does not cause
radiation damage like a ~10 keV photon beam (what about XFEL!)

AMagnetic moment probes magnetism of unpaired electrons

7/ {
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NEUTRONS AND THEIR INTERACTION WITH MATTER

Overview

AMHistory 1 neutrons and nuclear reactions
AProduction i reactors and spallation sources
AProperties T as a particle and a probe

Anstruments i exploiting the probe to do science
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| NSTRUMENTS & SCIENCE
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(dus® - 20" oo™ e et o™ o - oatice
- @
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len g th 103 Inelastic X-ray Scattering w o9 o
— ‘a \
scales € e
i 5o &
= - Infrared PR
= Light g F1012 (™
g 1- ; O
o B e\
. - 15 n t“°\ec“\ +cs OF
& -§ - [ — d \J“aﬁ\ G“\es
s - FTIR = Q 9 o™
G.) Raman L IS Er 107 e
(= 10-3 = : 2 g ¢ \
w Brillouin & A - '“\Na\
¥ Spin-echo L2 [ AN
=1 Dynamic Light § c 3 o™
Scattering s 2 % N
g 9 - 106
Length [m] 10° - Laser PCS X-ray PCS P
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it % LParticle Physics
2
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X-ray Imaging SAXS, X-ray Refl. X-ray Diffraction EXAFS & XANES X-rays
NMR Imaging Triangulation NMR

NMR
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Optical Microscopy Optical Nanoscopy Electron Microscopy Microscopy
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THE | L Is NSTRUMENT SUITE

M Diffraction group

WASP

M Spectroscopy group

M High-resolution

SuperSUN
CRG instruments

ILL instruments

INSTRUMENTS

Large Scale Structures group

M Nuclear & Particle Physics group

M Three-axis & Time-of-flight

/

Hot neutrons
N o ; Thermal neutrons
PF2
Cold neutrons

THALES
D&C S D3

W

D9

IN1-LAGRANGE
A\ *
‘ 4 D17 FIGARO INS PF1B DALl D1B Salsa IN12

y . \ A
¢ 3 ‘ g \/ | ; - =
h SHARP+

PN1 - Lohengrin

TENIS

IN8

D20
OrientExpress

B O
| = PANTHER S18 D23 IN22 D10+ IN13 XtremeD
1

THE EUROPEAN

GUIDES

NEUTRON SOURCE
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GENERAL EXPRESSION FOR SCATTERING FROM A COMPLEX SYSTEM

Deriving the general scattering function

Based on

ABorn approximation i kinematic theory: neutron
wavefunction un-perturbed inside sample

AFer mi 6s Gol den Rule to cal
neutron ( k) and system (/) from initial and final
state

AHamiltonian to describe the system states ( /)

( d’o ) _ﬁ( m
dE,d@), = k\2an®

2
E Wk,.,x,—>kf A == Py, ka)\f‘v‘ki}"i > 2

k¢ indQ

2
) (k2 VI )

EWk A= Kp A

kfindQ

CU|@§€WI

h

[E.-E,+E, -E, )
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GENERAL EXPRESSIONS FOR SCATTERING FROM A SET OF MOVING ATOMS

Deriving the scattering function i end up with (after much algebra and manipulations!)
é dzlj 6 k 1 . +O Sample
B 8 f > a bb i exg JQCR, (O)LﬁxngCRk (t)u expli nt )dt .
: : ,
(; q N kl g K -~ Flux of incoming Neutrons nergy Her
a d°0

AExperiment measures double differential cross
section which is simply related to S(Q,w) (or I( Q t))

AS(Q, w) is the double Fourier transform of the time -
dependent pair -correlation function

Cone covering
the solid angle
AQ

Energy Filter

V7§
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GENERAL EXPRESSIONS FOR SCATTERING FROM A SET OF MOVING ATOMS

Deriving the scattering function i end up with coherent & incoherent contributions

AFor a simple system with a single element but different bo s

d2a Q@ 4 ki 1 .. r< 8. 0 & a> .
Q ——coh A exp -IOAR; (0)exp 1OQR« (1) lexp- 1wt )dt
WOE S 4 1 258 fed QR ( )g/e AiQ k()§ o- iwt)d

coh

d2d @ & .k 1 .. I’< 6. - 0 6. Q> .
Q  —incoh A expr-iIOAR; (0)expriOMR; (1)) lexa- iwut Jdt
TOE 0 4 758 FlexaHia (0)exiQWR; (0 jexil- intk

*Incoh

AScattering function determined by positions R of different atoms at
different times  t

Alncoherent scattering can be useful: it measures the correlation
between the same atom at different times A single particle dynamics
- diffusion ¥/ i

NEUTRONS
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GENERAL SCATTERING EXPERIMENT

Scattering triangle I handling Q and w
20 1)
AElastic scattering: ki m ki

vary Q without changing w 2Q
E. = E vary 2Q(monochromatic) ki Q=ks-ki
vary |[E| fix 2Q (t.o.f.)

&
,@

66

AQuasil/in -elastic scattering:
vary w;, normally Q will also change
vary E or E; and/lor 20Q Y/ / &

03/09/2024 NEUTRONS
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GENERIC INSTRUMENT

Energy selection

AHow to measure the energy of a neutron
beam?

AOr, howto monochromate a beam?
AMeasure / with Bragg reflection

n/ =2dsin Q

d = distance between scattering planes

AUse neutron t.o.f . (or precession of
neutron magnetic moments in a
magnetic field)

| . Q% 7 ..
tof =—=25F se@=A-~Q|m
v & H m|

03/09/2024
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DIFFRACTION =———

|l nstruments (dondét measuirBE2b&UABlI f i n

whsble

Beam slop s )
o _ & & (Postin St Detecer]
X &
?l;\\ N\
N o
) \\ m’

/[ .

03/09/2024 NEUTRONS
FOR SOCIETY



DIFFRACTION

Example T Formation and properties of ice XVI
obtained by emptying atype sll clathrate hydrate

a -
t1zxte’ —
] | 1 & obsarved nlansity
— calkoulated inbansity
19 ] — difference (abserved - cakulated)
- m excluded angular regiars (ica Ic)
3 Bﬁggaﬁrmaf;npﬁ; &l hydrase
N | alumnum can
- | lee e
g
i -
& —
2
o
] | I I A |1 |
27 IR N N .
IIIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
b zoxin’ —]
i .
T o ocbhserved nlensily
- — caloulated intansity
15 — — differanca (absarvad - calculatad)
_ s o excludad BNgUiar reghans (ica lc)
- Bragy peak positons:
| dewteraied Me hydrate
T | aluminum can
_ | e le
a 10 —
€
H .
= =
5—_ : H
1
_f"—-vv'vv-r] h-—ui'.h-*--—--p‘--\w—w
T I LIy
] [ I [ [ 111 [ [ 1 [ 1
1 | I e
T I

o 0 30 40 50 L0 T an a0 1o 11a 120 130 140
Ditfracton argle 26 (%)

Extended Data Figure Zl D¥itfraction mmufﬁ-ﬂhcl aml emply wp-enbhd&cirds 1]1.ea|1c|.LhLu.l intensity a5 a blue line the difference of both
h'rllrdr_ a, b, Rigvad fit | obtained ws Eﬂlﬁqf;qﬁ\we*! o aiffraction 'lwagreenllru marks the an 1ns exncluded in the
pattemn urem:Ptv sll [0 h“].r:h {a) MNe Dz{llu_ul.nt (b) taken at 5 K refinement, red lines mark 'F-n.-:lums o Enﬁ F-n]uul'ﬂu ]qu:h iaet
(A== 1.1226 A) an [0, [LL/Grenable. The observal inftensity is rcpru:m.nnry lines these of the aheminium sa.mp]cﬂnaml 1ran:ﬂ=]m-=: thame of dce Le.
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DIFFRACTION

|l nstruments (donod6t measuir@b&UABl fi nal energy!)

Multilayer Collimator] | ByC Image plate  Beam stop
wavelength s shielding | detector
filker

Adjustable

Secondary
diophragm | Sample

beam shutter
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DIFFRACTION =

Example 1 Improving drug design: SARS-COV2 Main Protease in complexwith new clinical inhibitors (sample ~50 ny)

~ 0

GIn189)
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SPECTROSCOPY 1 TIME / FREQUENCY DOMAIN

Simplified expressions for the scattering function I coherent scattering
When atoms move 1 vibrate around equilibrium positions
R=R ,+ aR(t)
For normal modes:  adR(t) A displacement vectors e & frequencies w
Coherent scattering - Phonons:
AShort range coupling gives long range correlations
ADispersion as a function of g (or wavelength) 1 guitar string!
A~ 0
~ %?@30
d?i @ o0 .k (27) 1 . =
—— — Q =—coh () exd- W) 4 & (n,+1/2°1/2)
dqdE & 4"k v, 2M AR
"COo

> U(Y @{s)ué%g@' 08

V7§
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SPECTROSCOPY 1 TIME / FREQUENCY DOMAIN

Instruments i varying k; & k; T TAS, TOF
Detedor  Analyser Monochromator Input slit
Monitor 2 S
o M—.s-
Diophragm Raareen
4
0

\ V)
| \\\. ~ Monitor |
Beam stop Somple foble | Diaphrogm
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SPECTROSCOPY 1 TIME / FREQUENCY DOMAIN

Example 1 heat gradient (low thermal conductivity 1 short phonon paths and lifetimes) generates current  in thermoelectrics -
Complex Metallic Alloy - Al,3Co, Quasicrystal approximant
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SPECTROSCOPY 1 TIME / FREQUENCY DOMAIN

Example T heat gradient (low thermal 1,600 =] 500 -
conductivity) generates current in thermoelectrics = b 3510 0.3) i i 820 -0
- Complex Metallic Alloy - Al,;Co, Quasicrystal EF1,200 |-
approximant = [ INS e
) . £ 800 [ LD —
I broadened phonon spectra revealing short = i
phonon lifetimes and path lengths responsible for 2 400 -
low thermal conductivity £
1 2%0
— =0.20 Al
3 15r4EIEI BZ 15 T c quﬂﬂg;:utlz?lj_4:|
L =
14 B ‘14 E 800
£
12 =2 400
] -
10 2
8 -1 & 0
— 800 c q=0.25A1 g q=0.35 &
3] -4 6 = i (3.85 0 -0.5) | (3.75 0 -0.75)
£ 600
4 4 2 | 200(-
F 400
2 2 = [ 100 |-
0 , . . . . , 0 2 200
0 0.1 0.2 0.3 0.4 0.5 0.6 = I -

_ P | PR BT B |
g (A1) 002 4 6 8 1012 Y2 4 6 8 1012 14 16  jl
En (meV) En (meV) '
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SPECTROSCOPY 1 TIME / FREQUENCY DOMAIN

Simplified expressions for the scattering function
I incoherent scattering

For atoms that vibrate around equilibrium positions

R=R ,+ aR(t)
For normal modes: aR(t) A displacement vectors e & frequencies w
Incoherent scattering - Internal (molecular) modes:

ANo long range correlations due to weak coupling
ANo dispersion
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